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INTRODUCTION
The Jemez River is a stream in central New Mexico that drains more than 1,000 square miles of mountain and semi-desert terrain before joining the Rio Grande ( fig. 1 ). Base flow of the river in the mountainous upper half of the basin is maintained by numerous thermal and mineral springs, making it a perennial stream. Below the mouth of the Rio Salado, the river bed is wide and sandy, and there are occasional periods of no flow.
There are three Indian reservations located within the lower river basin:
the Jemez Reservation, the Zia Reservation and the Santa Ana Reservation. Historically, these Indian communities have been located along the river since before the arrival of the first Europeans. The Indians of all three communities have been successful farmers, using diverted surface water for irrigation. Since the 1880 f s, the hydraulic characteristics of the drainage basin have been affected by several man-made changes in addition to those changes caused previously by irrigation diversions.
At the request of the U.S. Bureau of Indian Affairs, the U.S. Geological Survey conducted the present study to estimate natural streamflow in the Jemez River at the boundaries of the various Indian lands. Natural streamflow is defined as the streamflow that would occur if there had been no man-made changes in the hydraulic characteristics of the river basin.
The writers appreciate the work of Edward Thomas, chief of the computer section in the New Mexico District, in applying the robust statistical analysis techniques in the computer modeling discussed in Supplemental Information.
PREVIOUS STUDIES
One of the first hydrologic investigations undertaken in the Jemez River basin was by Renick (1931) . The purpose of his study was to investigate the ground-water conditions along the Jemez River and other streams.
In his report, he describes the river as it flows through the Indian lands:
.[Within the Jemez Pueblo] a broad tract of alluvium borders Jemez Creek [Jemez River],
The Jemez Indians irrigate the bottom land adjacent to Jemez Creek, and are very sucessful in raising crops of hay, grain, beans, potatoes, truck, and fruit. It is estimated that they have about 3,000 acres under cultivation. There are two ditches for diverting the water from Jemez Creek, and these ditches are said to have been constructed before the white man came to this country.
Jemez Creek flows diagonally southeastward across this grant [Zia Pueblo], Its channel is about a quarter of a mile wide and in most places is sandy. Most of the water of Jemez Creek is diverted farther upstream by the Jemez Indians and by the residents of San Ysidro, and the Rio Salado generally contributes little. Owing to the scanty supply of water the Sia [Zia] . Indians have only about 450 acres under ditch .... Jemez Creek flows southeastward across this township [which includes the Santa Ana Pueblo grant]. Its channel is filled with silt, sand, and some gravel, and in places it is almost half a mile wide. In this channel there is generally only a very small stream of water, except after heavy rains . . . Jemez Creek in all probability has considerable underflow, and it is very probable that supplies of ground water can be obtained by sinking wells into the alluvium at almost any place along the flood plain of the stream ....
Other studies have been made in the Jemez River basin since Renick's work. Conover, Theis, and Griggs (1963) made a study of the geology and hydrology of the northeastern part of the basin to determine the ground-water potential for additional water supplies for Los Alamos ( fig. 1 ). Purtymun (1973) described the geology and geologic structure of a proposed geothermal-energy experimental site within the basin. Purtymun and others (1974) made a preliminary study of the water quality of the Jemez River and Rio Guadalupe to establish background data prior to the geothermal experiments. Trainer (1978) made a geohydrologic study of the region to provide background information for geothermal exploration and research and to investigate the usefulness of hydrology in assessment of the geothermal-resource potential of the region.
VAT A USED
A list of streamflow-gaging stations in the Jemez River basin and the period of record at each station is given in table 1. The numbers in the first column of the table are keyed to the station locations depicted in figure 1. The streamflow records of three stations, Jemez River near Jemez (08324000), Jemez River above Jemez Canyon Dam (08328000), and Jemez River below Jemez Canyon Dam (08329000), were used in obtaining the estimates of natural flow.
Jemez Canyon Dam was completed in 1953, and from that time until 1979, the streamflow measured at the station Jemez River below Jemez Canyon Dam generally was the unregulated streamflow; water was not retained behind the dam for any appreciable length of time except during flood flows and for 3 months during the spring of 1958. Since March 1979, however, a permanent pool of several thousand acre-feet has been maintained behind the dam.
The daily values of measured streamflow at Jemez River near Jemez are rated "good." The daily values at Jemez River below Jemez Canyon Dam are rated "poor" before 1979, "fair" in 1979, and "good" since 1980. A rating of "good" means that about 95 percent of the daily values are within 10 percent of the stated values; a rating of "fair," within 15 percent; and a rating of "poor" means that the daily values have less than "fair" accuracy (U.S. Geological Survey, 1981) . In this report, "poor" was defined as within 20 percent. These ratings of daily values were used to help determine the error in the estimated natural flows.
All annual values of streamflow in this report are for the water year. The water year is from October 1 to September 30.
/ /

I07°00'
RIO ARRIBA COUNTY
SAN PEORO MOUNTAINS
San Gregori
CUBA*"*""' 1951-57*, 1958-76 1939-41 1939 1951-76 1936-41, 1949-50, 1951-52*, 1953-current year 1936-41 1936-41 1936-41 1936-41 1937-41 1936-41 1953-58 1936-38, 1943 -current year *Irrigation seasons only.
METHOD OF STUDY
The methodology described below was employed in estimating natural streamflow in the Jemez River-at the boundaries of Indian lands.
1. Man-made changes in the hydraulic characteristics of the Jemez River basin were identified.
2. Estimates of the water losses caused by the man-made changes were made.
3. Natural streamflow at the upstream boundary of the Jemez Reservation was estimated by adding the estimated losses upstream from the station Jemez River near Jemez to the streamflow measured at the station. Early in the study it was felt that there was a possibility that precipitation and temperature data collected in the upper basin could be correlated with runoff measured at the station Jemez River near Jemez to provide a predictor model for flow at the upstream Jemez Reservation boundary.
To this end, statistical methods were applied to concurrent monthly precipitation, temperature, and runoff data. However, no useful predictor was developed.
The results are discussed in the computer modeling part of Supplemental Information.
MAN-MADE CHANGES IN THE BASIN THAT COULD AFFECTFLOW
The man-made changes in the basin that could affect streamflow in the Jemez River include irrigation diversions, an inter-basin diversion from the watershed, and the construction of four reservoirs.
Each of the changes is considered in the following paragraphs.
Irrigation diversions
The amount of irrigated acreage has remained about the same since 1936 when the first streamflow records were collected within the basin. Approximately 300 acres are irrigated upstream from the gaging station Jemez River near Jemez, 2,200 acres upstream from Jemez River at San Ysidro, 3,000 acres upstream from Jemez River above Jemez Canyon Dam, and 3,000 acres upstream from Jemez River below Jemez Canyon Dam (U.S. Geological Survey, 1981).
Inter-basin diversion
In 1927, the Nacimiento Community Ditch Association obtained the right to 2,280 acre-feet of water per year to irrigate 1,180 acres of land near Cuba, New Mexico, by an inter-basin diversion. According to their application, the priority for the diversion was established between 1885 and 1890. In 1959, this water right was reduced to 2,068 acre-feet per year to irrigate 1,070 acres of land.
This reduction was made to compensate for the estimated water loss due to evaporation from San Gregorio Reservoir, which was completed the previous year.
The water-rights license allows the Association to divert water from both the Rio de las Vacas and Clear Creek ( fig. 2 ). Water diverted from the Rio de las Vacas is conveyed by Cuba Ditch to Clear Creek at a point Upstream from the diversion on Clear Creek. Water diverted from Clear Creek is conveyed by the Nacimiento Community Ditch to Nacimiento Creek. Both ditches are earth channels hand dug in the mountainside; segments of Cuba Ditch are lined with stone masonry. The drainage area upstream from these diversions is 16.8 square miles.
During a field trip in the summer of 1981, it was observed that only Nacimiento Community Ditch was operating and that Cuba Ditch was in a state of disrepair.
However, according to the Water Rights Bureau of the New Mexico State Engineer, the license to divert water from the Rio de las Vacas is still valid if the Association reactivates the canal. Both diversion sites were included within -the boundaries of the San Pedro Parks Wilderness by the Wilderness Act of 1964.
Reservoirs San Gregorio Reservoir
San Gregorio Dam was built across Clear Creek in 1958 to store water for the Nacimiento Community Ditch Association and to create a fishing lake for the New Mexico Department of Game and Fish ( fig. 2 ). The capacity of the reservoir with the water level at the spillway crest is 254 acre-feet, of which 100 acre-feet is a dead storage pool for the Department of Game and Fish. The surface area at full capacity is 33 acres. The drainage area upstream from the reservoir is about 3 square miles. The reservoir was included within the boundaries of San Pedro Parks Wilderness in 1964.
The design and operation of San Gregorio Reservoir is such that during each spring, snowmelt is collected in the reservoir until it is full, after which additional water flows over the spillway. During the summer, water is released from the lake for diversion to Nacimiento Community Ditch.
Seven Springs State Fish Hatchery
Ponds for the Seven Springs State Fish Hatchery ( fig. 1 ) were built in 1933 by the New Mexico Department of Game and Fish. Water for the hatchery is obtained from springs at the site and from a spring in a nearby canyon. Water from the hatchery empties into the Rio Cebolla. Prior to 1974, the total surface area of the several fish ponds was 13 acres; since that time, the surface area has been 12 acres. The total capacity of the ponds is 75 acre-feet, which was impounded prior to establishment of any streamflow-gaging stations on the Jemez River. Contour interval 20 feet Datum is sea level Figure 2 . Nacimiento Community Ditch Association diversion canals.
Fenton Lake
Fenton Lake was built on the Rio Cebolla in 1951 by the New Mexico Department of Game and Fish as a wildlife feeding and nesting area ( fig.  1 ).
It has also been used as a recreation area. A smaller lake apparently existed prior to 1951, but no information was found concerning it other than that a dam was destroyed during the spring runoff of 1941. The capacity of Fenton Lake is 255 acre-feet with a corresponding surface area of 33 acres.
Jeraez Canyon Reservoir
Jemez Canyon Dam was completed in 1953 by the U.S. Army Corps of Engineers.
The maximum capacity of the reservoir with water at the spillway crest is 106,100 acre-feet.
The original plan for reservoir operation was to desilt all streamflows greater than 30 cubic feet per second by storage for 1 day before release to the Rio Grande, and for possible detention storage during periods of flood stage on the Rio Grande. However, since March 1979 a permanent pool of several thousand acre-feet has been maintained behind the dam.
WATER LOSSES DUE TO MAN-MADE CHANGES
Irrigation diversions
The following terms as defined by Blaney and Hanson (1965) are used in the discussion of water losses due to irrigation:
Consumptive use (evapotranspiration): The unit amount of water used on a given area in transpiration, building of plant tissue, and evaporated from adjacent soil, water surface, snow, or intercepted precipitation in any specified time.
Consumptive irrigation requirement:
The depth of irrigation water, exclusive of precipitation, stored soil moisture, or ground water, that is required consumptively for crop production.
Irrigation efficiency: The percentage of irrigation water that is available for consumptive use.
The irrigation efficiency of diversions along the Jemez River is estimated to be between 30 and 50 percent (Israelson and Hansen, 1962) . However, most of the water that is not used consumptively remains in the river basin and returns to the river, either as surface runoff or subsurface flow. Therefore, the water lost from the basin due to irrigation is equal to the consumptive irrigation requirement for the crops. To find the water lost upstream from a point along the river, the number of acres irrigated upstream is multiplied by the consumptive irrigation requirement. The consumptive irrigation requirement for crops along the Jemez River is 1.304 acre-feet per acre of irrigated land (Henderson and Sorensen, 1968) . No error analysis was provided for the consumptive irrigation requirement, so a value of 10 percent or 0.1304 acre-foot per acre was assumed as the standard error of estimate. The assumed standard error of estimate in the number of acres irrigated was 10 percent.
Inter-basin diversion
Prior to 1959, the maximum allowable diversion from the river basin by the Nacimiento Community Ditch Assocation was 2,280 acre-feet per year. Since 1959, the maximum allowable diversion has been 2,068 acre-feet per year. Because of a lack of diversion records, the maximum diversion allowed was used in estimating the water taken from the drainage basin each year by the diversion. The standard error of estimate assumed was 10 percent, or 228 acre-feet per year before 1959 and 207 acre-feet per year thereafter.
Reservoirs San Gregorio Reservoir, Seven Springs State Fish Hatchery, and Fenton Lake
The loss of water from the drainage basin attributed to the ponding of water is caused by evaporation. The estimated rate of evaporation at all three sites is 40 inches per year (Soil Conservation Service, 1972) . Using this rate of evaporation, the loss from San Gregorio Reservoir is 110 acre-feet per year since 1958; from Seven Springs State Fish Hatchery, 43 acre-feet per year before 1974 and 40 acre-feet per year thereafter; and from Fenton Lake, 110 acre-feet per year since 1951.
The standard error of estimate in evaporation estimates is about 20 percent (Winter, 1981) , or 0.667 acre-foot per acre, and is applied to the total surface area of reservoirs existing in each year.
Another factor affecting natural flow is the initial filling of the reservoirs. Accordingly, 255 acre-feet were added to the totals in 1951 for the filling of Fenton Lake and 100 acre-feet (dead storage pool) were added to the totals in 1958 for the filling of San Gregorio Reservoir.
Jeatz Canyon Reservoir
Before 1979, Jemez Canyon Reservoir was used only as a desilting and flood-retention reservoir so that no water was stored for extended periods. Losses due to ponding of water during that time were insignificant except possibly in 1958 when a pool was maintained for 3 months as a result of high streamflow in the Rio Grande. Losses for those 3 months, however, were not evaluated.
Since March 1979, a permanent pool has been maintained behind the dam. Evaporation estimates by the Corps of Engineers are 2,048 acre-feet in 1979 (water year), 1,552 acre-feet in 1980, and 1,844 acre-feet in 1981 (Corps of Engineers, written communication, 1982) .
The relative standard error of estimate is 20 percent (Winter, 1981) .
"Losses" that were due to reservoir filling are 2,010 acre-feet in 1979, -420 acre-feet in 1980, and 390 acre-feet in 1981. These figures reflect the year-end change in storage from the previous year-end. The total estimated annual losses that were due to storage in Jemez Canyon Reservoir are summarized in table 2. The error figures are for evaporation only; estimates of error were not made for reservoir filling. 
NATURAL STREAMFLOWAT THE UPSTREAM BOUNDARy OF THE JEMEZ INDIAN RESERVATION
The estimated annual natural streamflow of the Jeraez River at the upstream boundary of the Jemez Indian Reservation is presented in table 3. The natural flow was computed by adding the estimated losses upstream from the streamflow-gaging station Jemez River near Jemez to the"flow measured at the station.
The station is approximately 1 mile upstream from the reservation boundary. Water losses due to irrigation of 300 acres upstream from the station were estimated to be 391 acre-feet per year with a standard error of estimate of 39 acre-feet per year.
NATURAL STREAMFLOWAT THE JEMEZ-ZIA INDIAN RESERVATION BOUNDARy
From the point where the Jemez River leaves the Jemez Reservation, the river is a boundary of the Zia Reservation for about 3 miles before turning onto the reservation ( fig. 1 ). An estimate of natural flow was made for the point at which the river leaves the Jemez Reservation.
A conclusive determination of whether the river is a gaining or losing stream as it flows through the Jemez Reservation could not be made.
Comparison of the estimated natural flow at the streamflow-gaging station Jemez River at San Ysidro (table 4) with the estimated natural flow at the upstream Jemez Reservation boundary (table 3), based on 3 years of record, indicates that the river was a gaining stream for 2 years and a losing stream for 1 year (table 5) . Two seepage investigations in February 1981 also did not yield a conclusive determination.
(The results of the seepage investigations are presented in Supplemental Information, Seepage investigations.) In all likelihood, since the river bed is alluvium and the ground-water table is close to the surface in the flood plain (Renick, 1931) , the natural flow in the river as it flows through the reservation is basically unchanged. Therefore, the estimate of natural flow in the Jeraez River where it leaves the Jemez Reservation is considered to be the same as the estimated natural flow at the upstream Jemez Reservation boundary (table 3). The annual standard errors of estimation were not computed at this point; however, they would be greater than at the upstream boundary because of routing the flow downstream.
The Rio Salado joins the Jemez River near the point where the river 'turns into the Zia Reservation ( fig.  1 ).
As determined by the basin-characteristics formula (Borland, 1970) , the average annual contribution of the Rio Salado to the flow in the Jemez River is 4,930 acre-feet. The standard error of estimate of flow in the Rio Salado is 53 percent, or 2,610 acre-feet per year. 
NATURAL STREAMFLOWAT THE ZIA-SANTA ANA INDIAN RESERVATION BOUNDARY
An estimate of the natural flow in the Jemez River at the Zia-Santa Ana Reservation boundary was obtained by adding the estimated losses upstream from the streamflow-gaging station Jemez River above Jemez Canyon Dam to the streamflow measured at the station. The station is approximately 5 miles downstream from the boundary. Water losses due to irrigation of 3,000 acres upstream from the station were calculated to be 3,910 acre-feet per year.
Since there are only 5 years of record at this station, the record was correlated with the corresponding record at the station Jemez River below Jemez Canyon Dam, and the correlation was used to estimate flow during periods of no record. The estimated natural flow at the Zia-Santa Ana Reservation boundary is given in table 6. A standard error of estimate is not provided because there are only 5 years of record on which to estimate the natural flow.
NATURAL STREAMFLOWAT THE DOWNSTREAM BOUNDARY OF THE SANTA ANA INDIAN RESER VA TION
The estimated annual natural streamflow of the Jemez River at the downstream boundary of the Santa Ana Indian Reservation is presented in table 7.
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COMPUTATION OF TOTAL ERROR IN THE ESTIMATES OF NATURAL FLO WAT THE UPSTREAM BOUNDARYOF THE JEMEZ INDIAN RESERVA TION AND A T THE DOWNSTREAM BOUNDARY OF THE SANTA ANA INDIAN RESERVATION
The error associated with the estimation of natural flow is considered to have a Gaussian (normal) distribution. One measure of this error is the standard error of estimation, s. By definition, then, the likelihood that the true value of a particular component is within one standard error of the estimated value (the confidence interval) is 68 percent.
The various components used to estimate natural flow are independent of each other; therefore, the standard error of estimate of natural flow is the square root of the sum of the squares of the several standard errors of estimate (Hogg and Tanis, 1977) . In equation form, it appears as:
<2)
where SN = the standard error of estimate of estimated annual natural flow; SM «* the standard error of estimate of annual measured streamflow at a gaging station; S 0 the standard error of estimate of the inter-basin diversion; S E = the standard error of estimate of reservoir evaporation; and Sj -the standard error of estimate of irrigation diversions.
The percentage errors associated with the ratings of daily values at the stations Jemez River near Jemez and Jemez River below Jemez Canyon Dam ("good" = 10 percent, "fair" = 15 percent, "poor" = 20 percent) reflect a confidence interval of 95 percent. The standard error of estimate, S M , of the annual measured streamflows was found by first dividing the percentages by 1.96 to obtain the standard error for the daily values (Hogg and Tanis, 1977) , summing the squares of the daily value errors, and finding the square root of the sum.
The standard error of estimate for evaporation losses, S E , was applied to the total surface area of the reservoirs existing.in any one year.
The standard error of estimate for irrigation was determined from a combination of the standard error in the consumptive irrigation requirement and the number of acres irrigated according to the following formula (Karlin and Taylor, 1975 
STA TISTICS OF THE ESTIMA TED ANNUAL NA WRAL STREAMFLOW AT THE BOUNDARIES OF INDIAN LANDS
The estimated annual natural streamflow at each of the boundaries of Indian lands is compiled in table 8. Statistics of the estimated natural streamflow at each of the boundaries are given in figure 3 . Each statistic is explained in the following paragraphs. The median natural streamflow is a measure of position and is the value of streamflow that is just as likely to be exceeded in any one year as not. It was obtained by ordering the annual estimates by magnitude and choosing the middle value. (If there is an even number of values, the median is the average of the two middle values.)
The mean natural streamflow is a measure of the average quantity of water flowing past a point each year. It was obtained by summing the annual natural streamflows and dividing by the number of years for which estimates were provided.
The standard error of the mean is a measure of the variability of the annual natural streamflow around the mean natural streamflow.
The average annual error of estimation is an approximate measure of the error in computing natural streamflow from the several components. It was obtained by: (1) Dividing the error for each year by the natural streamflow for that year to obtain a relative error; (2) averaging the relative errors; and (3) multiplying the mean streamflow by the average relative error.
SUMMARY
The annual natural streamflow in the Jemez River at the boundaries of Indian lands was estimated based on existing streamflow records and estimated water losses due to man-made changes in the hydraulic characteristics of the river basin.
Thirty-three years of natural flow were estimated at the upstream Jemez Reservation boundary and at the Jemez-Zia Reservation boundary. Thirty-nine years of natural flow were estimated at the Zia-Santa Ana Reservation boundary and at the downstream Santa Ana Reservation boundary.
Errors in the annual natural streamflow were estimated for the upstream Jemez Reservation boundary and the downstream Santa Ana Reservation boundary. Errors were not provided at the Jemez-Zia Reservation or Zia-Santa Ana Reservation boundaries; however, the errors were greater than the errors at the other two boundaries from which the estimates of natural streamflow were derived.
The median natural streamflow, the mean natural streamflow, and the standard error of the mean natural streamflow were determined for all four boundaries.
The analysis also provided the average annual error of estimation of natural streamflow at the upstream Jemez Reservation boundary and at the downstream Santa Ana Reservation boundary.
The contribution of the Rio Salado to flow in the Jemez River was estimated from the basin-characteristics formula.
SUPPLEMENTAL INFORMATION
Seepage investigations
A seepage Investigation is a set of streamflow measurements taken at several points along a river. The various measurements are compared, and a determination is made of the amount of water lost or gained by the river between each point.
Two seepage investigations were made during February 1981 on the Jemez River from the streamflow-gaging station Jemez River near Jemez to upstream from the Santa Ana Pueblo bridge, a distance of about 24 river miles, in an attempt to determine the gains and losses In streamflow through this reach. The results of the runs, however, were Inconclusive because of unsteady flow conditions in the stream. The data are presented In table 9. 
Computer modeling
The runoff data at the streamflow-gaging station Jemez River near Jemez have been collected continuously since 1953; concurrent temperature and precipitation data were recorded by the National Weather Service at Wolf Canyon ( fig. 1) . Robust statistical methods (Huber, 1981) .were applied to these data using optimization procedures suggested by Dorney (1975) . .The predictor equation that resulted seemed to predict runoff accurately for the spring months (April -June); however, it performed no better than the monthly mean runoff as an estimate of runoff during the other 9 months. Overall, when one considers that a large percentage of runoff occurs in the spring, the predictor did not perform badly, which indicates that the model has some merit; but, it also indicates it is not capable of resolving the hydrologic complexities of the study area.
Much of the inadequacy of the model stems from the fact that the estimation of runoff from a fairly large basin was based on temperature and precipitation data from only one station.
This approach is especially inadequate in the summer when precipitation is very localized. It would be more appropriate to consider a model where the drainage basin has been divided into homogeneous hydrologic units and the input of each unit into the entire system considered in turn. Computer modeling of this sophistication, however, was beyond scope of this study.
